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ABSTRACT: Floods and scour are major causes of failure of bridges and with the increase in short-duration and high intensity
rainfall events the occurrence of such failures is increasing. While standard free flow scour at bridge piers is an extensively
researched area, the increased scour that occurs when the upstream water level is at or above the crown of an arch bridge (pressureflow scour) is comparatively less well studied. As the frequency and magnitudes of floods increase, more bridges may be at a
higher risk of being subject to pressure-flow scour.
A modern masonry arch bridge system called the ‘FlexiArch’, that does not involve any mortar or steel reinforcement and can
be rapidly constructed on site, has been developed by Queen’s University Belfast. The behaviour of the FlexiArch bridge system
under developing scour has not been studied previously. This paper will present a series of experiments aimed at modelling
pressure-flow on a scaled model of the FlexiArch bridge with a view to developing and understanding of the scour – bridge
interactions.
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INTRODUCTION

Serious consequences are associated with bridge failures,
especially with collapse. For example, 59 fatalities occurred
when the Hintze Ribeiro bridge at Entre-os-Rios, Portugal
collapsed in 2001 [1]. 158 casualties were caused by the
collapse of I-35W bridge in Minneapolis, USA in 2007 [2]. In
the same year, the Tuojiang Bridge in Hunan, China collapsed
resulting in 89 casualties [3]. These failures highlight the
absolute importance given to safety in the design and
maintenance of bridges. Better understanding of the action of
the phenomena that can cause damage to bridges, such as
bridge scour, can help inform the design process and the
monitoring and maintenance of bridges.
Scouring, in the fluvial and estuarine environment, is the
process of removing channel bed or bank material by channel
flow. It deepens the channel in the vicinity of bridges and has
the potential to compromise their stability via the removal of
foundation support material. Scour can occur gradually over a
long time or in a short duration during a flood event [4]. The
failure of Hintze Ribeiro bridge and the collapse of part of
Malahide viaduct in County Dublin in 2009 have been
attributed to scour at bridge piers [1, 5]. In fact, floods and
associated scour are the major causes of failure of bridges [6,
7]. 58% of 1502 reported bridge collapses in USA in the period
1966 – 2005 has been due to scour [8]. In the UK rail network
there have been 138 recorded scour related bridge failures with
15 casualties in the period 1843 – 2013 [9]. The level of threat
posed by scour on bridge safety has attracted much research
towards understanding, estimating, monitoring and combating
scour (Ref. [10-15] and therein). This has led to the
development of scour manuals that provide guidance on those
aspects [4, 16, 17]. Much of the work carried out on bridge
scour has been on scour due to free flow conditions.

Pressure-flow scour
Greater depths of scour will occur in extreme flow cases
where the upstream water surface is above the low chord of a
bridge deck or the crown of a masonry arch bridge i.e.
“pressure-flow” [18]. In this condition the flow is vertically
contracted as it passes underneath the bridge, and the velocity
and scour potential are increased. Two cases of pressure-flow
are possible where the arch barrel may flow full (drowned
orifice flow) or only partially full (sluice gate flow). Less work
has been carried out on this type of scour [19] compared to free
flow scour. Most studies that report on pressure-flow scour at
bridges were scaled flume experiments with rectangular bridge
openings spanning the flume width (flat-deck) and with [18,
20] or without piers [19, 21-23].
The severe floods that the UK experienced in recent years
caused collapse of or damage to many bridges – including bank
erosion and other forms of damages [24-26]. Some of the
extreme precipitation events and the resulting extreme river
flows were among the highest recorded, especially the events
in December 2015 which caused peak flows in many rivers and
daily maxima in several regions to exceed their previous
highest [27]. As the peak magnitude as well as the duration of
a flood directly influences the severity of scour at bridges, the
risk of scour could be exacerbated in the future as changes in
climate are expected to result in increased frequency of intense
precipitation in many areas of the world [28, 29] and higher
discharge in rivers in some areas [30]. With a probable increase
in the peak river flows of some rivers in the UK [29] expected
as a consequence of climate change, the UK Climate Change
Risk Assessment Evidence Report states that more research is
needed to assess the impact of scour on bridges and pipelines
due to altered peak discharge of future riverine floods [31].
Therefore, the risk of some bridges (such as short span arch
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bridges which constrict the flow more than flat-deck bridges)
being subjected to pressure-flow scour could be increasing and
warrants further investigation in to the effect of such flows on
bridge structures.
FlexiArch Bridge system
The most common type of bridge in continental Europe, the
UK and Ireland is the masonry arch bridge [32, 33]. About 40%
of the bridges in UK’s road and rail network are masonry arch
bridges and most were built between the latter half of the 19th
century and the start of the 20th century [34, 35]. The majority
(80%) of the European railway arch bridge stock is short span
(below 5m) [36]. These unreinforced structures are reported to
be highly durable and require less maintenance compared to
other types of bridges [37, 38]. But steel and reinforced
concrete bridge construction led to a gradual decline of the
masonry arch construction as the traditional construction of
masonry arches consumed much more time.
The appealing attributes, such as durability and aesthetics of
the unreinforced masonry arches led to the development of a
modern masonry arch bridge system - ‘FlexiArch’ which has
been implemented in the UK, Ireland [39, 40] and globally [41].
The system is similar in geometry to traditional masonry arch
bridges but does not involve any mortar or steel reinforcement
as employed in other modern arch bridge systems. The system
consists of arch rings that arrive at the site as flat packs of
precast concrete voussoirs connected by a flexible polymeric
reinforcement. The rings naturally assume the designed arch
shape (based upon the dimension of the voussoirs) once lifted
and placed on skewbacks (or seating unit). Therefore, centering
is not required in the construction of this system. Hence it
requires much less labour and can be rapidly constructed on a
site. The behaviour of this new type of bridge under scour has
not been studied previously. The absence of mortar would
mean that scour of mortar, which has been reported as a reason
for some cases of masonry arch bridge failures [24], would not
occur which means that the FlexiArch system is already more
inherently safe from pressure-flow scour than standard
masonry arch structures.
Pressure-flow scour at arch bridges
As there is a reduction in the width of the arch opening with
rising stage, these bridges present larger obstructions to flow
than flat-deck bridges that cause larger afflux and are hence
susceptible to pressure-flow [42]. To the best of authors
knowledge, no model to predict maximum scour from pressure
flow conditions in arch bridges is to be found in literature.
Highlighting the lack of advice on pressure-flow scour in UK
highway bridge design standards, Ryan et al. [43] carried out
flume experiments on single span arch bridge models to
understand the effects of pressure flow. They studied the
velocity profile of the flow, the extent of scour and variation of
maximum scour and afflux with time. The maximum scour was
found to be in the upstream face of the abutments. This
contrasts with scour under single span flat-deck bridges where
maximum scour occurs downstream of the bridge opening [19].
Theoretical scour depth predicted by flat-deck bridge pressureflow scour models were found to be unsatisfactory in
estimating pressure-flow scour at arch bridges. It should be
noted that contraction and local abutment scour appear not to
be considered in the comparison. Even though the velocities
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were measured, no explanation for the causes of the scour nor
reasons for the difference between measured and theoretical
scour were conjectured as conclusions of the study.
To study the evolution of scour and evaluate the effectiveness
of traditional hydraulics-based scour countermeasures against
scour at short-span masonry arch bridges, Solan et al. [44]
carried out clear water scour experiments on single and dualspan arch bridge models under pressure-flow conditions. The
maximum scour for single arch was at the upstream arch
corners while for dual span arch this was at the central pier. The
upstream foundations were found to be undermined and that the
maximum scour depth would increase with footing depth and
flowrate. They also observed that introducing scour counter
measures shifted the location of maximum scour.
Ebrahimi et al. [45], conducted clear-water pressure flow
experiments on arch bridge models and measured the final
scour and variation of hydrodynamic pressure on the faces of
the abutments. While the location of maximum scour is in line
with those of Ryan et al. [43], comparing the measured
maximum scour with the sum of theoretical pressure-flow
scour with contraction and local scour at abutments (which
were not included in Ryan et al. [43]), they suggest that the total
scour at an arch bridge may be higher than at a flat-deck bridge.
Aims and Objectives
Better understanding of the hydraulics behind pressure-flow
scour phenomena and the structural response of bridges to
developing scour would be critical input in the assessment or
design of masonry arch or FlexiArch bridges. In real bridges,
the developing scour and the structural response would interact,
and the consequent nature of this interaction is what would
instigate failure. To date, all previous experimental work has
separated the scour phenomena from the structural behaviour
of the bridge [43-46]. Therefore, research is underway at
Queen’s University Belfast with the overall aim to conduct a
holistic study of pressure-flow scour and bridge response of
FlexiArch bridges to address this gap in knowledge. This will
be achieved by developing the outcomes from the following
objectives:
 The extent and causes of bed scour at a FlexiArch bridge
will be investigated using experimental modelling.
 The influence of pressurised flow on the FlexiArch bridge
systems, and the additional scour resulting from that flow
will be determined.
 The structural response to scour will be investigated using
both numerical modelling and laboratory investigations.
 Measurements of scour and structural response will be
achieved using laser and digital image analysis systems.
2

METHODOLOGY

This research is using enhanced monitoring of the development
of pressure-flow scour under single span FlexiArch bridges.
The experiments are carried out in the 18.8 m long, 0.75m
wide and 0.75 deep flume in Hydraulics lab in Queen’s
University Belfast. The horizontal stainless-steel flume has a
test section with a clear side in the middle. The test section as
seen in Figure 1 shows the test set-up with a uniform sediment
bed spanning the whole width of the flume and is truncated by
uPVC false beds on either side along the flow direction. The
sediment bed supports the FlexiArch bridge model at the centre
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of the flume and can extend sufficiently to either side of the
model as be representative of a typical bridge.
The flume is equipped with a pump that can pump up to 45
l/s. The flowrate is controlled manually and is measured using
an electromagnetic flow meter with a resolution of 0.01 l/s. The
flow depth is controlled by a tailgate. The pump is not capable
of recirculating sediments and a sediment trap downstream of
the false bed would capture the sediments that would not settle
within the test section.

between scour and flow conditions and the dominant factors
that cause the pressure-flow scour to occur will be investigated.
The maximum scour occurring over different free flow and
pressure-flow conditions will be monitored through a laser
distance measurement sensor and ultimate scour profile
measured through digital image analysis systems to study the
relationship between free flow and pressure-flow scour.
Ultimately, the effect of the developing scour on the
structural behaviour of the bridge will be investigated through
monitoring the displacements of the arch through vision based
displacement measurement [48] under both flow and varying
load conditions to simulate vehicle loading capacity.

Figure 1. Schematic of the flume and test setup (not to scale)
and instrumentation not shown
Bridge model
The experiments are based on a 1:10 scaled model of a typical
FlexiArch bridge (as seen in schematic in Figure 2 and in
Figure 3) with a span of 5 m and a rise of 2 m. Unlike earlier
pressure-flow scour research the arch rings and the skewbacks
are made of a 1:10 scaled concrete while the backfill will also
be a 1:10 scaled version of Type 3 (open graded) Unbound
Mixture [47]. The spandrels are represented as Perspex so that
the movements of the backfill can be observed. This research
aims to assess the fundamental fluid/structure interaction of
this bridge in its most vulnerable scenario. This will occur
when the foundations are either shallow or are undermined so
that no vertical reactions or thrust is carried by them. Therefore,
the initial testing is with the FlexiArch supported only on the
skewback foundation. The authors acknowledge that
foundations will both influence the scour at the bridge as well
as its structural behaviour. Therefore, to compare the behaviour
under this critical scenario with a real implementation,
foundations will be studied at a later stage in the research. In all
of the tests conducted the bridge model will be placed
perpendicular to the flow.
Two sizes of uniformly graded (coefficient of uniformity, Cu
< 3) silica sand will be used in the study. The particle size
distribution analysis of the sediments is being carried out.
The dominant factors that cause the pressurised scour to
occur will be investigated by observing velocity profile in the
vicinity of the arch inlet using laser particle image velocimetry.
A laser rangefinder with a manufacturer stated accuracy of ±1
mm will be assessed for the purpose of monitor the maximum
scour under developing scour.
Planned experiments
Through a series of tests in which flow rate, flow depth
through the arch and sediment sizes are controlled and the
resulting velocity distributions at the arch inlet measured using
laser particle image velocimetry (PIV), the relationship

Figure 2. Cross-sectional schematic of the single span
FlexiArch bridge model (dimensions in millimetres)

Figure 3. Arch ring of the 1:10 scale model (Photo by Evdokia
Gyftaki)
3

CONCLUSIONS

Pressure-flow scour at a FlexiArch bridge, and the bridge
response to the developing scour, will be investigated in this
study. The relationship between scour and flow conditions and
the dominant factors that cause the pressurised scour to occur,
and their impact, will be investigated. Also, relationships will
be developed to predict the increased scour due to pressurized
flow compared to normal river flow. In the long run, the
structural response of FlexiArch bridge to scour will be
investigated using both numerical modelling and laboratory
investigations. It is expected that the outcomes of this study
would provide basic understanding of the hydraulics of scour
at FlexiArch bridge and the structures response to the
developing scour. Such an understanding would allow to
identify when critical levels of scour has occurred as well as to
identify suitable countermeasures to scour.
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